Available online at www.sciencedirect.com

sc.ence@n.“cm

JMR

Journal of

ACADEMIC Magnetic Resonance
PRESS Journal of Magnetic Resonance 164 (2003) 177-181
www.elsevier.com/locate/jmr
Communication
Broadband phase modulation by adiabatic pulses
Carlos A. Meriles, Dimitris Sakellariou, and Alexander Pines”
Department of Chemistry, University of California and Materials Sciences, Division,
Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
Received 14 March 2003; revised 6 May 2003
Abstract

The use of inhomogeneous but spatially correlated static and radiofrequency (RF) magnetic fields offers a potential methodology
for performing magnetic resonance spectroscopy of samples placed outside the bore of the magnet. However, its practical imple-
mentation still presents challenging problems, among them the control of nuclear spins over broad frequency offset intervals. The
present study introduces an efficient method of encoding the phase of the magnetization when the variation of the static field along
the sample is much larger than the RF amplitude. The procedure is based on the use of consecutively applied full-passage adiabatic
pulses. The induced phase modulation is broadband and selective because it does not depend on the offset relative to the central
frequency and the limits can be sharply defined. Finally, the encoded phase depends almost linearly on the local RF amplitude. All
these features enable the recovery of an inhomogeneity-free spectrum with amplitudes close to the theoretically attainable maximum.

Published by Elsevier Science (USA).

1. Introduction

Current applications of nuclear magnetic resonance
(NMR) as a spectroscopic technique rely on having in-
tense and homogeneous magnetic fields on extended
samples. Slight spatial variations of the resonance fre-
quency considerably affect the spectral resolution and,
so far, this difficulty has restricted the use of NMR
spectroscopy to samples inside well-shimmed solenoidal
magnets. However, a broad set of applications is con-
ceivable if a less demanding geometrical disposition
could be used instead: wide open scanners or one-sided
magnets able to provide spectroscopic information
would be extremely useful in diverse areas from medi-
cine to geology.

Recently, it has been shown that the simultaneous
presence of static By field and radiofrequency (RF)
gradients can be used to recover spectra in inhomoge-
neous fields [1]. The technique is based on the use of
composite z-rotation pulses that take advantage of the
intrinsic inhomogeneity of the RF field to impose a
spatial modulation on the phase of the local sample
magnetization. If the static and RF fields are spatially
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correlated, the free evolution after RF excitation and
encoding gives rise to nutation echoes [2,3]. In the ide-
alized case, the echoes are not affected by the field in-
homogeneities and depend only on the chemical shifts of
the different nuclear spin components in the sample. If
the procedure is periodically repeated to create a train of
pulses and if the acquisition is restricted to the peaks of
the subsequent echoes, the resulting FID leads to a high-
resolution spectrum of the sample.

This technique poses significant challenges if “‘scan-
ning spectroscopy’’ with one-sided magnets is set as a
goal. One of the main reasons is that the magnitude of
the field gradient often imposes a variation along the
sample many times larger than the amplitude of the RF
field. The large offset implies that only the small fraction
of the sample that is close to resonance can be properly
encoded. As a result, the rapid reduction of the echo
amplitude makes detection very difficult in practice [4].
As shown below, this problem can be alleviated by the
use of a double passage of adiabatic pulses sweeping
along the frequency range of interest. Fig. 1 shows the
induced modulation on one of the transverse compo-
nents of the magnetization as a function of the reso-
nance frequency and RF amplitude. The picture implies
that the modulation is broadband in the sense that the
effect is independent of the offset relative to the central
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Fig. 1. Modulation of the transverse component M, of the magnetization in a sample of uncoupled spins after a double adiabatic passage as a
function of the offset (relative to the central frequency of the sweep) and the peak amplitude of the pulse. In this case, 16 ms hyperbolic secant pulses
were used and the frequency bandwidth was 100 kHz. The peak amplitude in the region of maximum RF amplitude was 20 kHz and this value was
reduced 50% during the second passage. The induced phase is offset independent and is almost proportional to the RF. For low enough RF am-
plitude, the adiabaticity condition is not properly fulfilled and the modulation is compromised. In the same way, the control vanishes outside the
selected frequency bandwidth. As a reference, the central light region approximately represents the region controlled by means of region composite
z-pulses when these are used to induce a phase modulation. For this latter case, it has been assumed that the amplitude is the peak amplitude used in
the adiabatic pulse and that they are all applied at the central frequency of the bandwidth.

frequency, even for very low RF fields: in this particular
case, the ratio between the frequency bandwidth and the
peak amplitude of the pulse reaches ~20 in the most
unfavorable cases. At the same time, this process is se-
lective in the sense that the modulated band can be de-
fined in a precise manner. Finally, the dependence as a
function of the RF field is almost linear, which ensures a
reduced distortion of the refocusing in well correlated
fields.

The proposed strategy is extremely simple and basi-
cally consists of two full-passage adiabatic pulses ap-
plied immediately one after the other. Both pulses are
identical with the exception of the peak amplitude whose
relative variation determines the degree (and sense) of
the modulation. The process taking place along the
double passage can be clearly visualized from the double
rotating reference frame. The first passage induces a
modulation of the transverse magnetization that
strongly depends on the local value of the RF field and,
to a lesser extent, on the offset relative to the central
frequency. In the double rotating frame, the beginning
of the second passage is seen as an inversion of the
effective field that, consequently, reverses the sense of
the modulation. However, because the RF amplitude is
different, the accumulated phase during the first passage

is not completely canceled during the second one. The
difference is roughly proportional to the local RF field
value resulting in a modulation that reproduces its
spatial variation. The offset dependence, already weak,
is canceled out since the frequency sweep during the
second passage is identical to the first one. For an ar-
bitrary RF amplitude H,(¢) and frequency modulation
(t), an analytical criterion to describe the pulse per-
formance can be formally derived from the formula:

¢ = /Olf{((VH] (1) + (@) = (@0 +8))""?
— ((apH1 (1) + (o2(1) = (0 +9))*) .

In this expression, ¢ represents the overall accumulated
phase in the doubly rotating frame after a double pas-
sage in which the second pulse is scaled by a factor a. ¢
represents the offset with respect to wy, the central value
of the frequency bandwidth and y is the spin gyromag-
netic ratio as usual. Granted the condition for adiaba-
ticity is satisfied at all times, the pulse performance is
ideal if ¢ does not depend on ¢ within the swept fre-
quency range. For most practical cases, obtaining an
analytical expression for ¢ may prove difficult or even
impossible. For the simpler case in which H, is constant
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and w(¢) changes linearly with time over a bandwidth
Aw, it is possible to show that ¢ does not depend on ¢ to
second order in (6/(yH;)) (assumed ¢ lies within Aw).
Because close to w, most adiabatic pulses can be de-
scribed by a linear sweep model, it is natural to foresee a
similar behavior for other pulses, at least when ¢ is small
enough. If the adiabatic passage has a hyperbolic secant
dependence [5,6], numerical simulations carried over a
varied set of conditions suggest that the performance is
almost ideal.! However, smooth variations of the pat-
tern in Fig. 1 have been observed if other adiabatic
pulses common in the literature are used instead [7-9]. A
more extensive calculation for different conditions is
currently under way and will be presented elsewhere.

2. Experiment and discussion

The experimental performance of the proposed
scheme was tested by means of an array that emulates
the spatial dependence of the RF and static fields acting
on a sample that faces a one-sided magnet [4]. A thin
glass cylinder filled with a mixture of acetone and ben-
zene and immersed in the bore of a 4T superconducting
magnet, was irradiated by means of a conical coil [4].
This creates an RF field that linearly decays along the
sample. At the same time, a static field gradient along
the coil axis was provided during the pulse sequence by
means of an imaging setup.

Fig. 2a shows the FID recorded in the presence of a
20kHz/cm (~5G/cm) field gradient. A hard 90° pulse
was used to provide initial excitation and a weak but
long adiabatic double passage was applied immediately
after to encode the phase of the sample magnetization.
As explained above, the combined presence of matched
RF and static field gradients results in a sharp nuta-
tion echo taking place at 1 ms. The echo position can
be controlled by the relative amplitude of each adia-
batic full passage. A Fourier transform of this FID
provides an RF-weighted image of the encoded phase
(Fig. 2b): as the offset frequency goes from positive to
negative values, the RF amplitude diminishes accord-
ingly. This translates into a change of the local phase
of the magnetization and a corresponding modulation
of the spectrum. For very low RF amplitudes, the
adiabaticity condition is not fulfilled, leading to un-
controlled behavior. However, because the signal
contribution is also very low from these points, it does
not represent a serious distortion of the echo. For
comparison, a non-modulated image obtained after a
single pulse excitation is shown in the figure inset. As

' To some extent, this can be inferred from Fig. 1 because the
relative values between RF amplitude, offset, and bandwidth vary here
over a broad set of conditions. In all cases, the encoded phase bands
remain offset independent as wanted.

expected, a good correspondence between this last
spectrum and the envelope of the modulated image is
observed.

This same procedure can be repeated to create a train
of adiabatic refocusing pulses. The evolution of the
magnetization in the inter-pulse intervals along the train
is shown in Fig. 2c. If the acquisition is restricted to the
peaks of the echoes (open circles), the resulting FID is
inhomogeneity-free and contains the full spectral infor-
mation (Fig. 2d). It is worth noting that the amplitude of
the first echoes is comparable to the signal immediately
following the excitation pulse indicating that essentially
the whole sample constructively contributes to the echo.
In the limit of high-field gradients, this last point is par-
ticularly important: assuming an optimal excitation
(obtained, for example, by broadband pulses such as
BIR-4 [10]) the echo amplitude can approach its theo-
retically attainable maximum. The adiabatic phase
modulation represents a considerable improvement over
the performance of composite z-pulses where only a small
fraction of the sample can be successfully refocused
mainly due to limitations created by the offset (see Fig. 1).

The gradual decay of the amplitude in subsequent
echoes mainly derives from the repeated accumulation
of errors in the refocusing caused by an imperfect cor-
respondence between the modulation induced by the
pulses and that induced by the field gradient. This be-
havior could be anticipated in Fig. 1 where the modu-
lation rate depends, albeit smoothly, on the amplitude of
the RF field. Gradients perpendicular to the coil axis
(not compensated for in our setup) and a natural decay
due to relaxation and diffusion also represent potential
sources of signal damping.

Despite all these limitations, the utility of a limited
RF amplitude to control a broad frequency bandwidth
for ex situ cases emerges from our experiments: Fig. 2b
shows that the inhomogeneous broadening along the
sample reaches 25kHz in the present example. This
value is considerably higher than the 6 kHz available
during the peak of the adiabatic pulse in the region of
maximum RF. It is also interesting to note that a series
of spectra of decreasing resolution can be obtained with
the same sequence if the amplitude of the second pas-
sage is altered beyond the minimum required in Fig. 2c.
In this case, the echo occurs earlier and the stroboscopic
acquisition in the center of the free evolution interval
should provide free induction decays in the presence of
effective gradients controlled by the RF field. Variable
gradient imaging along the axis of dominant inhomo-
geneity is thus an attractive possibility, particularly for
one-sided scanners where the field decay is a parameter
not normally under experimental control.

Because the technique depends on the assump-
tion that the static and RF fields are correlated, the
sample spins can be imagined as forming a curve with
positive slope in a frame similar to that of Fig. 1. If the
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Fig. 2. (a) Nutation echo from an acetone/benzene mixture induced after a single pulse (10 ps) adjusted to provide optimized excitation on the region
of maximum RF amplitude (25 kHz). The excitation pulse was immediately followed by an adiabatic double passage. Each full passage was a 20 ms
hyperbolic secant pulse sweeping a frequency range of 28 kHz and the amplitude ratio between the first and the second passage was 0.5. The peak RF
power was 6 kHz whereas the static field gradient (present during and after the pulses) was 20 kHz/cm (~5 G/cm). (b) Fourier transform of (a). The
adiabatic double passage encodes a RF dependent phase shift. During the acquisition, the static field gradient makes it possible to image the encoded
phase along the sample. The rapid and uncontrolled modulation at low frequencies (corresponding to low RF values) results from the lack of
adiabaticity in this part of the sample. Due to the conical shape of the coil, the envelope corresponds to the RF-weighted image obtained after a single
pulse excitation (inset). (c) Free induction signal immediately after the excitation pulse and in subsequent free evolution periods after each double
passage of the pulse train. The field gradient used was 20 kHz/cm (~5 G/cm) and the pulses where 10 ms hyperbolic secant type. The amplitude ratio
(0.7:1) is adjusted so that the echoes take place in the middle of the free evolution interval. (d) If only the echo centers are stroboscopically acquired
(open circles in (c) the effective FID maintains the modulation induced by the different chemical shifts. After a Fourier transform, the resulting

spectrum is free of inhomogeneities and is comparable to the unperturbed spectrum recorded in the absence of field gradients (inset).

modulation created by the pulse is strictly proportional
to the local RF field, only a fraction of the sample is
refocused when this curve is not a straight line. How-
ever, the spin response to the RF amplitude can itself be
modified to encode a phase modulation proportional to
the static field at each point. In such a case, the modu-
lation can be altered if other parameters such as the
central frequency or the bandwidth of the sweep are
modified during the second passage. Further calcula-
tions have shown that the offset dependence is smoothly
reintroduced in the selected frequency interval leading to
either tilted or bent bands in Fig. 1. When projected
onto the RF/static field correlation curve, this depen-
dence now leads to an altered response of the local
magnetization to the RF inhomogeneity. This kind of
“active” field matching could enable the generalization
of this technique to arbitrary RF profiles.

3. Conclusion

The methodology presented here offers a simple and
efficient means to recover artifact-free spectra of almost
optimal amplitude from samples in inhomogeneous
magnetic fields. The adiabatic double passage encodes a
phase modulation on the sample magnetization that
depends almost linearly on the RF amplitude and is
offset-insensitive, even in the case of weak RF fields.
Assuming that the static and RF magnetic fields are
linearly correlated along the sample, the free evolution
following the double passage creates nutation echoes
exhibiting an amplitude close to the maximum attain-
able. Experimental evidence shows that the lack of
complete proportionality between the local RF ampli-
tude and the induced phase shift leads to systematic
errors that accelerate the damping of the echoes.
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From a practical point of view, the problem can be set
in the following terms: given an RF field profile, which is
the RF pulse that induces a phase modulation propor-
tional to the local static field? This ‘“active” field
matching still represents a challenge although the meth-
odology presented here could provide a starting point.

Since the adiabatic pulses are comparatively long, the
process may prove inadequate for systems with short
relaxation times (e.g., systems with paramagnetic spe-
cies) or with a high-diffusion coefficient (e.g., hyperpo-
larized gases). Also, the effect of J-couplings during the
evolution under RF encoding can influence the spin
dynamics and lead to distorted FIDs. The use of shorter
numerically optimized pulses could offer a potential
solution to these problems [11].

Finally, it is worth mentioning that, given the offset-
free control on the induced phase modulation, other
techniques could also benefit from the adiabatic double
passage scheme. As briefly mentioned, magnetic reso-
nance imaging by RF gradients [12] is one example but
other applications such as the suppression of unwanted
signals [13] or the manipulation of residual dipolar fields
[14] are possible as well.
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